A study on 18 full-scale centralized biogas plants was carried out in order to find significant operational factors influencing productivity and stability of the plants. It was found that the most plants were operating relatively stable with volatile fatty acids (VFA) concentration below 1.5 g/l. VFA concentration increase was observed in occasions with dramatic overloading or other disturbances such as operational temperature changes. Ammonia was found to be a significant factor for stability. A correlation between increased residual biogas production and high ammonia was found. When ammonia was higher than approx. 4 g-N/l the degradation efficiency of the plant decreased and as a consequence, the residual methane potential was high. Decrease of the residual methane potential with increasing hydraulic retention time was found. Digestion temperature was very important for effective post-digestion. Post-digestion for recovering the residual methane potential at temperatures below 15 8C was very inefficient.
Introduction
Anaerobic digestion of organic waste is in many situations an environmentally attractive way of treating organic waste, at the same producing energy in the form of biogas. An interesting digestion concept is the co-digestion concept, where centralized biogas facilities are treating manure from several farms, in combination with other organic wastes, such as organic industrial waste and the organic fraction of source-sorted household waste. In the last fifteen years this concept has been applied in Denmark and has led to the construction of 20 centralized biogas plants and 60 farm-scale plants typically digesting a mixture of about 70 -80% slurry manure together with about 20 -30% of various types of industrial organic waste. The economy of the biogas plants is dependent on effective utilization of the substrates treated, in order to maximize energy yield in relation to treatment costs. In manure-based biogas plants typically only 50-70% of the organic matter is converted to biogas despite rather long average retention times. Some of the residual organic matter is recalcitrant and cannot be digested. However, some degradable material is also lost with the effluent from the main digestion step, which is most often continuously stirred reactor tanks (CSTRs). The reason for this loss of degradable matter is due to the "short-circuiting" of a portion of the feed which is staying in the reactor for a much shorter time than the nominal retention time.
Potential methods to improve methane recovery efficiency from manure are to pretreat incoming substrate (to increase degradability), to increase retention time of the manure reactor(s) or to arrange post-digestion systems (to increase degradation efficiency). In the last 5-8 years many biogas plants have installed gas collection systems in after-storage tanks, which in this way are functioning as post-digesters. However, temperature, retention time and mixing conditions as well as the degree of methane recovery experienced vary for each plant. Only a few plants have worked with extended retention time at full main process temperature in post-digesters.
In this study we investigate the general efficiency of full-scale biogas plants and evaluate the various post-digestion solutions applied to provide better future optimization and dimensioning practices. Several process parameters such as temperature, hydraulic retention time, reactor configuration and substrate composition were correlated with process and post-digestion efficiency and numerous post-digestion tests have been performed in the laboratory.
Materials and methods
18 full-scale biogas plants have participated in the investigation over a period of 3 years. VFA, feed data, operating temperature, organic load, hydraulic retention time and biogas production were recorded regularly. Ammonia concentration, total nitrogen, lipids concentration, and carbohydrate concentration were measured at least twice from each plant.
Residual methane production was determined in digested material effluent from the main digestion step as well as from downstream digestion/storage steps. The residual methane potential was determined both at main process temperature (the same temperature as the main digesters are operating under) and at lower temperatures to determine activity at various temperatures. Ammonia and total nitrogen were analyzed by the Kjeldahl method (Greenberg et al., 1992) , VFA and methane were measured by GC with FID detection (Angelidaki et al., 1990) . Determination of methane potential of the samples was by the DTU method, where accumulated methane in the head space of closed vials was analyzed by GC (Angelidaki and Sanders 2004) .
Results and discussion
Most biogas plants were operating with stable total VFA concentrations below 1-2 g/l ( Figure 1 ). Cases with high and fluctuating VFA level could usually be linked to specific events such as temperature instability or abrupt changes in substrate composition.
For instance one of the plants, Farsoe biogas plant (Figure 1 ), showed extremely high concentrations of VFA. This plant was treating mink manure with an ammonia concentration in excess of 10 g-N/l. Although several attempts were made to stabilize the process by decreasing loading rate and by dilution the process did not recover. Another case of dramatic increase of VFA was observed for Snertinge biogas plant from March 2003 the VFA in reactors started to increase significantly due to heavily increased loading as only reactors RII and RIII were available for feeding this period. Reactor RI was closed down for modification from mesophilic to thermophilic operation. The reactors were eventually emptied and re-inoculated. High and fluctuating VFA levels were also observed at Hashøj biogas plant and this was the result of very high hydraulic loading rate. Blaabjerg biogas plant operated until 2002 with relatively high VFA levels and then suddenly dropped to a much lower level. This change in process condition was linked to the termination of using a particular organic waste product from the medical industry with a high protein and sulfur content.
Based on the extensive VFA survey carried, out a limit of approx. 1.5 g/l total VFA (determined by GC) can be defined for indication of a healthy process as indicated in Figure 1 . Stable operation above this limit is possible under some circumstances. However VFA much higher than this limit, in particular if fluctuating, should result in extra care to avoid further stress/instability. A correlation between VFA concentration and ammonia concentration was found (Figure 2) .
Although the data were scattered, it can be seen that for ammonia concentrations higher than 3.5 -4 g-N/l the VFA level tends to increase, as indicated by the minimum VFA curve shown in Figure 2 . This indicates that plants fed with biomass with a high ammonia concentration, such as pig manure, are more stressed and loosing more potential biogas production with the digester effluent. This is in accordance with various previous publications based on laboratory experiments (Angelidaki and Ahring 1994; Hansen et al. 1998 ). The scatter of points above the minimum VFA curve in Figure 2 indicates that other factors affect the VFA and stability. Other sources for elevated VFA level could be high hydraulic loading, temperature instability, substrate mixture variations, insufficient digester mixing or the use of co-substrates which affect pH balance.
A clear correlation between average digester hydraulic retention time (HRT) and residual biogas potential in the digester effluent was also found (Figure 3 ).
Residual methane potential
During the survey residual methane potential was determined by batch post-digestion tests carried out in the laboratory of samples taken from main digestion effluent and further downstream. In post-digestion steps further substrate reduction is mainly carried out by the bacterial culture already established in the main process. For main digester samples post-digestion was carried out at various temperatures to determine the effect of post-digestion temperature on the conversion activity, which is essential for the postdigestion efficiency and post-digestion retention time/volume needed.
The results of the present investigation indicate that appreciable quantities of methane could still be produced from main digester effluents, even though the digested material had already produced significant amounts of methane and the process was stable according to the VFA level. Residual methane potential was recorded between 6 and 33% of the methane produced in the biogas plant. Although many plants already recover a portion of this residual methane potential by collection of biogas from after-storage tanks, Figure 2 Correlation between ammonia and VFA Line: VFA ¼ 0.01(ammonia conc.) 3.9 significant residual methane potential was still found in samples taken from digested material leaving the plant. Plant economy can be improved significantly if recovery efficiency is increased. Furthermore, methane is a considerable anthropogenic emission gas. Effective utilization of livestock waste in biogas plants can be an efficient way to reduce this emission. Figure 4 shows a typical batch post-digestion result for a sample taken from the main digester effluent and digested in the lab for approximately 70 days.
Temperature has a very significant effect on recovery of residual biogas. The effect of temperature on anaerobic degradation is theoretically only influencing the degradation rate and not the ultimate biodegradability of a substrate. However, the degradation rates can be so slow that the achievable residual biogas production in practice is lower when temperature is insufficient. When the samples were incubated at relatively low temperatures, the residual methane obtained was significant lower compared to the yield obtained at the plant main process temperature, even after very long incubation time.
As seen in Figure 5 post-digestion activity is significantly reduced once temperature is lowered more than 10 8C from the main digestion temperature, which the microbial population is adapted to. At temperatures below 15-20 8C the activity nearly ceases. In reality the overall activity can be split in two, i.e. hydrolysis and VFA turn over activity. Detailed investigations (data not shown) show that the temperature sensitivity of VFA turnover activity is higher than for hydrolysis activity, which can lead to increased VFA level in downstream low temperature post-digestion systems despite some biogas recovery. Figure 5 shows the result of calculating overall post-digestion activity (% recovery per day) at various post-digestion temperatures and compare this to the nominal activity achieved at main process temperature for both thermophilic and mesophilic plants.
Digester concept optimization
When considering improving digestion efficiency of existing or new biogas plants there are many options to consider. The results presented in this paper give some guidances how to optimize digester systems. First of all it is, of course, important to establish a well-functioning main process with a stable VFA level and low effluent loss (Figures 1  and 3 ). It is also important, to the extent possible, to avoid a too high ammonia load (Figure 2 ), e.g. by avoiding protein-rich substrate if the process is already high in ammonia. Once sufficient digester volume is available to maintain a healthy and stable main process, it is usually more profitable to improve efficiency further by adding more digester volume serial connected with the main process step. This is due to the advantage in "age profile" of effluent obtained by serial reactor coupling compared to the same volume in one step, as illustrated in Figure 6 .
For the serial post-digestion reactor it is important to keep temperature as close as possible to the main process temperature ( Figure 5 ). Post-digestion at lower temperature can, of course, be considered if this is more practical/cheaper, e.g. for existing plants, but then either lower recovery efficiency must be expected or additional volume/retention time be provided for a given recovery efficiency. In any case post-digestion temperature should preferably be kept at minimum 25 8C for thermophilic plants and minimum 20 8C for mesophilic plants or above, to ensure a reasonable post-digestion activity.
Conclusions
A large residual biogas potential was registered in the main reactor step in full-scale biogas plants. Especially plants with relatively low HRT (lower than 15 days for thermophilic plants) have a large residual biogas potential. Post-digestion at ambient temperature level is very ineffective, and partial heating (or less extensive heat exchanging and/or reactor insulation) is necessary for efficient recovery of residual biogas potential in digested material.
The best option seems to be to arrange serial digestion at full-process temperature, perhaps followed by residual biogas collection from the after-storage tanks needed anyway for transport logistic reasons.
Although many plants already employ post-digestion recovery of biogas there is still room for significant improvements. From an environmental point of view it is comforting that methane activity nearly ceases at ambient temperature conditions in Denmark. When manure is stored until application as fertilizer on fields most degradable organic material will remain for eventual aerobic soil degradation, releasing carbon dioxide rather than methane to the atmosphere.
